Complex interactions between blood cells, plasma proteins, and glycocalyx in the endothelial surface layer are crucial in microcirculation. To obtain measurement data of such interactions, we have previously performed experiments using an inclined centrifuge microscope, which revealed that the nonlinear velocity-friction characteristics of erythrocytes moving on an endothelia-cultured glass plate in medium under inclined centrifugal force are much larger than those on plain or material-coated glass plates. The purpose of this study was to elucidate the nonlinear frictional characteristics of an erythrocyte on plain or material-coated glass plates as the basis to clarify the interaction between the erythrocyte and the endothelial cells. We propose a model in which steady motion of the cell is realized as an equilibrium state of the force and moment due to inclined centrifugal force and hydrodynamic flow force acting on the cell. Other electrochemical effects on the surfaces of the erythrocyte and the plate are ignored for the sake of simplicity. Numerical analysis was performed for a three-dimensional flow of a mixture of plasma and saline around a rigid erythrocyte model of an undeformed biconcave shape and a deformed shape with a concave top surface and a flat bottom surface. A variety of conditions for the concentration of plasma in a medium, the velocity of the cell, and the minimum gap width and the angle of attack of the cell from the plate, were examined to obtain the equilibrium states. A simple flat plate model based on the lubrication theory was also examined to elucidate the physical meaning of the model. The equilibrium angle of attack was obtained only for the deformed cell model and was represented as a power function of the minimum gap width. A simple flat plate model qualitatively explains the power function relation of the frictional characteristics, but it cannot explain the equilibrium relation, confirming the computational result that the deformation of the cell is necessary for the equilibrium. The frictional characteristics obtained from the present computation qualitatively agree with those of former experiments, showing the validity of the proposed model.
Introduction
The effect of the complex interactions between blood cells, plasma proteins, and glycocalyx on endothelial cells is crucial in microcirculation as it determines the pressure loss and the wall shear stress which is sometimes related to damage to the surface of microvessels. Many studies have been performed with various models of such interactions [1] [2] [3] [4] [5] [6] [7] , but these models have not been sufficiently confirmed experimentally because of the difficulty of quantitative experimentation.
To obtain quantitative data of such interactions, fundamental in vitro experiments have been previously carried out using an inclined centrifuge microscope to examine velocity-friction characteristics, or simply, frictional characteristics, of erythrocytes moving on glass plates, the surfaces of which were plain, coated with biocompatible materials, or covered with cultured endothelial cells, in medium consisting of a mixture of plasma and saline under the effect of well-controlled inclined centrifugal force [8] [9] [10] . Briefly, the principle of frictional force measurement using the inclined centrifuge microscope is explained as follows [10] . Referring to Fig. 1(a) , a glass base plate and medium with dispersed blood cells are put into a sample container set on the rotor of a centrifuge with an angle h from the horizontal plane ( Fig. 1(b) ). During rotation, the container is flashed by a yttrium aluminum garmet (YAG) laser and images on the base plate obtained by a microscope and a CCD camera are recorded in a personal computer (PC) (Fig. 1(c) ). Velocity vectors of erythrocytes are obtained from the sequential images by particle tracking velocimety (PTV) software. In the sample container rotating at an angular velocity x ( Fig. 1(b) ), the cells move in a radial direction under the effect of centrifugal force F ¼ ðq r À q m ÞV r r 0 x 2 , where q r and q m are the density of the erythrocyte and the medium, respectively, V r is the volume of the cell (87 lm 3 ) , and r 0 is the rotation radius (5.43 Â 10 À2 m). After the cells contact the base plate, the centrifugal force is divided into the normal force F N ¼ F sin h and the tangential force F T ¼ F cos h. These force components are arbitrarily specified by adjusting the angle of the container, h, and the angular velocity, x.
In this study, the friction force acting on erythrocytes on the plain, material-coated, and endothelia-cultured plates was evaluated by the tangential component F T of the inclined centrifugal force acting on erythrocytes in a state of equilibrium. Note that in former study, we evaluated the friction force differently by using F Ã T in which drag from the surrounding flow is subtracted from F T as
where Re 0 ¼ UD= is the Reynolds number using the cell diameter D as the characteristic length, U is the cell velocity, is the kinematic viscosity of the medium, and a (¼ 20 lm 2 ) is the area of the cell projected onto the plane perpendicular to the cell velocity vector [10] .
Based on the dimensional analysis, we used the following nondimensional representations for the friction forceF T and the cell velocityŨ [11] 
where l is the viscosity of the medium. Parameter values given in Tables 1 and 2 are explained later. Friction forces are evaluated from the former experiments [8] [9] [10] and are plotted in Fig. 2 . The computational result in the figure will be discussed later. The experimental results with a plain glass plate and a diamond-like carbon (DLC)-coated plate of Refs. [8, 10] are all plotted near a single curve. The friction characteristic for the 2-methacryloyloxyethyl phosphorylcholine (MPC)-coated plate shows slightly smaller friction values [10] , while the endothelia-cultured plate shows much larger friction values [9] .
The larger friction force of the erythrocyte on the endotheliacultured plate is ascribed to the effect of interaction between the erythrocyte and endothelial cells, which is added to the base frictional characteristics between the erythrocyte and the plain or material-coated glass plates. The purpose of the present study, therefore, was to elucidate the nonlinear frictional characteristics of an erythrocyte on a plain or material-coated glass plate as the basis of nonlinear frictional characteristics of erythrocytes and endothelial cells. We propose a model in which the normal force component of inclined centrifugal force pushes the cell against the plate, deforming it so that it has a flat bottom surface. Furthermore, the erythrocyte maintains its distance from the plate, or gap width, and its angle in relation to the plate, or angle of attack, by the balance of the force and the moment due to the inclined centrifugal force and the hydrodynamic flow force acting on the cell. Other electrochemical effects on the surfaces of the erythrocyte and the base plate are ignored in the model since the difference in Transactions of the ASME the frictional characteristics is relatively small between the plain and material-coated glass plates. Steady cell motion occurs if there is a stable equilibrium state of the force and the moment acting on the cell. In this study, numerical analysis was performed for a threedimensional flow of a mixture of plasma and saline around a rigid erythrocyte model moving on a plate with a gap width and an angle of attack for two cases of the erythrocyte: an undeformed biconcave shape and a deformed shape with a concave top surface and a flat bottom surface. The effects of the angle of attack, the cell velocity and the minimum gap width on the lift, drag and moment acting on the cell were investigated, and the existence of equilibrium state of the force and the moment for the two cell shape cases was examined. We also examined whether a simple flat plate model based on the lubrication theory may explain the fundamental physics of the phenomenon. The frictional characteristics obtained from the computational results are herein compared with those of the former experiments to examine the validity of the model.
Method
2.1 Model Configuration. Figure 3 shows the geometry of the computational domain. A rigid body representing an undeformed biconcave erythrocyte (case A) or a deformed one with a concave top surface and a flat bottom surface (case B) is considered, as shown in Fig. 3(a) . The cross-sectional shape of the undeformed biconcave erythrocyte model (case A) and that of the deformed model (case B) are arbitrarily defined in Eq. (3) on the (X-Y) coordinate system which is fixed to the cell (see Fig. 3(a) 
where Y top and Y bottom denote the top and bottom shapes, respectively, R is the radius of the circular part, 2Y 1 is the thickness of the center part, and X 2 is the radius of the flat or concave bottom surface. Values of these parameters were determined from
Ref. [12] and are given in Table 1 . A three-dimensional model configuration was obtained by rotating the shape around the Y axis. The volume of both models is 107 lm 3 . A viscous fluid flow around the cell is considered. As shown in Fig. 3(b) , a rectangular domain L x Â L y Â L z ¼ 80 lm Â 54 lm Â 80 lm with solid walls on top, bottom, and two side surfaces is defined, and an erythrocyte model is placed just above the center of the bottom wall. The erythrocyte model moves with a constant velocity U over a fixed rigid wall under the effect of inclined centrifugal force. The problem is described on the Cartesian coordinate system (x, y, z) moving with the erythrocyte with velocity U. The origin of the coordinate system is defined at the center of the bottom wall. As for the boundary conditions, a parallel flow with a uniform velocity U is given on the upstream boundary, the velocity U on the top, bottom, and side wall boundaries, and the free flow condition on the downstream boundary.
Details of the cell position and forces acting on the cell are shown in case B in Fig. 3(c) . Point A is defined as the downstream end of the concave (case A) or the flat (case B) bottom surface of the cell, the minimum gap width h as the distance between point A and the bottom wall, angle of attack a as the angle between the tangential plane of the bottom surface and the wall, G as the center of gravity of the erythrocyte, and b as the angle between AG and the tangential plane of the bottom surface. The inclined centrifugal force with normal and tangential components F N and F T is considered to apply at G as it is the body force. The lift F L and the drag F D are obtained by integrating the pressure and the wall shear stress over the surface of the cell, and the point of application as A is arbitrarily defined taking the moment M F of the pressure and the shear stress evaluated over the surface of the cell with respect to point A into account.
In the following, equilibrium conditions of the force and the moment acting on the erythrocyte model are presented. Referring to Fig. 3(c) , forces acting on the model are the inclined centrifugal force with components F T and F N and the flow force with components F D and F L , respectively. Note that positive F T and F N are defined in negative x and y directions, while positive F D and F L are defined in positive x and y directions, respectively. The moment due to the inclined centrifugal force M C and that due to the flow force M F are evaluated with respect to point A. Note that they consist of only z-directional components and a positive moment corresponds to the counterclockwise rotation. The equilibrium conditions of the forces and the moments are given as
The value of M F is obtained from the computational result and that of M C is calculated from the following relation considering the force balance in Eq. (4): 
where r AG is the distance between points A and G of the erythrocyte model.
Computational Conditions.
Computational conditions and physical properties of the plasma, saline, and erythrocyte used in this study are summarized in Tables 2 and 3 . The present conditions correspond to those in the former experiments [8, 10] using plain or material-coated glass plates and a mixture of plasma and saline as medium for the normal component of the inclined centrifugal force F N of 24, 47, and 95 pN. In the present computation, concentration r of plasma in the medium of the mixture of plasma and saline, and the velocity U of the cell were set to the values given in Table 2 . For any combination of r and U, the minimum gap width h was set to an arbitrary initial value in a range ( Table  2) , and computation was performed by changing the value of the angle of attack in a specified range ( Table 2) . Range of the Reynolds number Re ¼ Uh= using the minimum gap width as the characteristic length is shown in Table 2 . From the computational results, the variations of lift, drag, and moment with the angle of attack were obtained and the solution in equilibrium state with zero moment if it exists was determined. The resultant equilibrium state corresponds to F N , which is usually different from the target values in Table 2 . This process was repeated by changing the minimum gap width h until the equilibrium state for the specified F N was obtained.
Computational Scheme.
Computation was carried out using commercial flow analysis software FLUENT 6.3 (ANSYS, Inc., Canonsburg, PA) and grid generation software GAMBIT 2.4 (ANSYS, Inc., Canonsburg, PA). Tetrahedron grids were generated with a grid size ranging from 0.05 lm near the erythrocyte model to 2.0 lm otherwise and with a total grid number ranging from 2.4 to 2.7 Â 10 6 . An example of the computational grid is given in Fig.  3(b) . The grid resolution was determined from the test calculation using the grid size near the erythrocyte model ranging from 0.025 to 0.5 lm, confirming that the flow force acting on the cell was convergent for the grid size of 0.05 lm.
Flat Plate Model.
A simple flat plate model based on the lubrication theory was considered to examine the fundamental physics of the phenomenon. A two-dimensional model was employed for the sake of simplicity and the erythrocyte model was replaced by a flat plate with a cord length identical to that of the flat bottom surface of the deformed erythrocyte model of case B (l ¼ 2X 2 ¼ 6.1 lm). An equivalent span width b was defined as the length which results in the same area as the flat bottom surface of the deformed model (pX 2 2 =l ¼ 4.79 lm). The following analytical formulations are given in Ref. [13] :
Pressure distribution
Pressure force
The coordinates of the center of pressure
Shear force
In these formulations, p 0 is the pressure at the upstream and downstream edges of the plate, h x and h ÀX2 are gap widths at x and ÀX 2 , respectively, and k ¼ h ÀX2 =h (Fig. 3(c) ). (7)- (9). As for the lift in Fig. 4(a) , both the computational results are almost the same, but the result of the lubrication theory is almost twice as large the computational results. For the drag in Fig. 4(b) , the two computational results monotonically decrease with increasing angle of attack, while the result of the lubrication theory remains almost constant with a slightly smaller magnitude than the computation. In Fig. 4(c) , the moment M C in Eq. . The equilibrium state is stable since the total moment is negative (increasing a) for an angle of attack less than a 0 and is positive (decreasing a) for one larger than a 0 . According to the other computations, the lift increases for decreased gap width h, and vice versa.
The flow field around the erythrocyte model was compared between the deformed cell in the equilibrium state and the deformed and undeformed cells with a null angle of attack. Figure 5 shows the streamlines around the erythrocyte models on Transactions of the ASME the symmetric x-y cross section, including the center of the cell. Note that the starting points of the streamlines are selected arbitrarily to show the flow pattern. In all the results, stagnation points exist at the entrance and the exit of the gap, and the streamline passing close to the top surface of the erythrocyte model shows kinks near both stagnation points. The pressure distributions on the bottom surface of the erythrocyte models are shown in Fig. 6 for the equilibrium state and those with a null angle of attack. In Fig. 6(a) for the equilibrium state, a positive pressure region dominates the bottom surface and the maximum pressure point is located in the downstream side of the surface. In Fig. 6(b) for the deformed cell with a null angle of attack, the pressure distribution is antisymmetric with respect to the center line parallel to the z-axis with maximum and minimum pressure points being located near the upstream and downstream ends of the flat bottom surface, respectively. In Fig. 6(c) for the undeformed cell with a null angle of attack, the pressure distribution is antisymmetric with respect to the center line with dominant positive and negative regions, the signs of which are opposite to those of the deformed cell case in Fig. 6(b) . 6), assuming that the pressure distribution is same between the bottom wall and the adjacent inclined flat plate. The hatched part corresponds to the flat bottom surface of the deformed cell model and the concave surface of the undeformed cell model. In Fig. 7(a) , pressure distributions of the computation for the deformed cell model and the lubrication theory with an equilibrium angle of attack of a 0 ¼ 1.8 deg are similar, but the positive and negative pressures near the upstream and downstream ends of the cell in the computation (shown by arrows) are critical in the balance of the total moment. On the other hand, pressure distributions of the computation and the lubrication theory are qualitatively different for both the deformed and undeformed cell models with a null angle of attack in Figs. 7(b) and 7(c). It is noted that the sign of the pressure is opposite between computations of the deformed and undeformed cell models, resulting in the moments acting on the cell with the opposite sign. After a number of computations for a variety of combinations of the concentration of plasma in medium, the velocity of the cell, and the minimum gap width, it was found that unique stable equilibrium states exist in the range of the angle of attack from 0 to 10 deg for the deformed cell model in all the conditions treated in this study. Figure 8 shows computational results for the equilibrium angle of attack a 0 with the minimum gap width h. The variation is properly expressed as a power function with a power of 1.48 (broken line in the figure). The relation is independent of the cell velocity U since the Reynolds number is very small in the present condition in Table 2 . The cause of the slight perturbation observed in the plots, for example, the result at h ¼ 0.08 lm, is that some tolerance was allowed in determining the equilibrium state of the null moment in the trial and error method.
Frictional
Characteristics. The frictional characteristics are compared in Fig. 2 between the present computation and former experiments [8] [9] [10] in order to examine the validity of the present model. Equilibrium states in the present computation were used to determine the frictional characteristics, or the relation between the drag and the cell velocity.
All the computational results are plotted on a single curve showing good agreement with those of the experiments for the plain and DLC-coated plates. These results are properly represented as the power functions of the nondimensional cell velocity as Coefficients and powers are summarized in Table 4 .
It has been pointed out that these nonlinear frictional characteristics can be explained by the viscous friction of the flow of plasma in the layer between cells and the plate, the thickness of which increases with the cell velocity [10] . This result of increasing plasma layer thickness with the cell velocity is similar to the scenario of the pressure loss of a single erythrocyte in a capillary explained by the lubrication theory [14] . Figure 9 shows the thickness of the plasma layer, or equivalent values of the minimum gap width h, as functions of nondimensional cell velocityŨ. The equivalent values of the minimum gap width for the experiment are obtained from the following formula by approximating an erythrocyte with a circular disk parallel to the plate:
Each of the experimental results in Refs. [8] [9] [10] and the present computation are expressed as the power functions of the nondimensional cell velocity with coefficients and powers summarized in Table 4 h ¼ c 0Ũq (12) 4 Discussion
In this study, we demonstrated that the nonlinear frictional characteristics of erythrocytes in a medium on plain or materialcoated glass plates can be explained by a simple model in which a deformed erythrocyte with a flat bottom surface maintains its distance from the plate and the angle of attack by the balance of the force and moment due to the inclined centrifugal force and the hydrodynamic flow force. Other electrochemical effects on the surfaces of the erythrocyte and the base plate are ignored in the model since the difference in the frictional characteristics was relatively small between the plain and material-coated glass plates. A simple model was used as the first step for deformation of a biconcave erythrocyte being pushed on the base plate resulting in a flat bottom surface due to the effect of the normal component of the inclined centrifugal force, the bending process during the deformation being ignored.
Evidence of the validity of the present model is that the nondimensional frictional characteristics presented in Fig. 2 are represented by power functions of the nondimensional cell velocity with similar coefficient c and power q in Eq. (10) between the model and experiments [8, 10] , as shown in Table 4 . The frictional characteristic of MPC-coated glass plates showing a slightly smaller friction force than those of the plain or DLC-coated glass plates is probably explained by the slip boundary condition on the surface of the MPC coating. The experimental result of the frictional characteristic on the endothelia-cultured glass plates is much different from the other results. The difference of the frictional characteristics should reflect the interaction between the erythrocyte and the endothelial cell, the mechanism of which remains for future research.
For the equivalent gap width in Fig. 9 , the results of the present computation and the experiments for plain and DLC-coated glass plates [8, 10] are also expressed by power functions with similar coefficients, as shown in Table 4 . However, the agreement should not be overestimated since the gap width for the experimental data was evaluated in Eq. (11) under the assumption that the whole friction force is attributable to the shear stress, but the present analysis indicated that the contribution of the shear stress in the total friction force is about 65%, as discussed below.
In considering the physical meaning of the power function relation of the frictional characteristics, variations of the lift and drag with the angle of attack are qualitatively represented by those of the lubrication theory, as shown in Fig. 4 . From the relationship between the minimum gap width h and the equilibrium angle of attack a 0 in Fig. 8 , we can evaluate the range of parameter k, i.e., the ratio of the maximum and minimum gaps, between 1.7 and 2.2. Since the functions f(k) and g(k) in Eqs. (7) and (9) change between 0.025 and 0.027, and 0.75 and 0.81 in the range of k considered in the present study, these values are treated as being approximately constant. From Eq. (7) with p 0 ¼ 0 and Eq. (9), the following relation is obtained, in which the nondimensional friction force is represented as a power function of the nondimensional cell velocity with a power of 0.5
It is noted that the power of 0.5 obtained from the lubrication theory for a simple flat plate assuming that the functions f(k) and g(k) are constant in equilibrium states is comparable to those for the above-mentioned results of the present computation (0.597) and previous experiments with plain glass plate (0.532) and DLCcoated plate (0.551), as shown in Table 4 . The equilibrium state exists in case B of the deformed cell model but not in case A of the undeformed one. In case A, as seen in the pressure distribution due to the concave bottom surface in Fig. 7(c) , the moment acting on the cell model at a null angle of attack is positive (causing counterclockwise rotation). This tendency does not change with an increase in the angle of attack (see right-hand figure of Fig. 4(c) ), resulting in the absence of the equilibrium state. On the other hand, in case B, as seen in the pressure distribution due to the convex surfaces ahead of and behind the flat bottom surface in Fig. 7(b) , the moment acting on the deformed cell model at a null angle of attack is negative (causing clockwise rotation). The influence of the pressure distribution on the flat bottom surface causing positive moment increases with an increase in the angle of attack (see left-hand figure of Fig. 4(c) ), resulting in the balance of the moment at the equilibrium angle of attack. It should be noted that the simple flat plate model by the lubrication theory does not explain the negative moment at a null angle of attack ( Fig. 7(b) ) and, therefore, the existence of the equilibrium state (left-hand figure of Fig. 4(c) ).
As to the relation between the pressure distribution and the flow field, the pressure distribution on the bottom surface of the cell in the equilibrium state and that on the bottom wall in Figs. 6(a) and 7(a) show that positive pressures in the downstream region of the cell are relatively significant due to the wedge effect of the flow [13] , as shown in the streamlines in Fig. 5(a) . Both pressures monotonically increase in the downstream direction with decreasing gap width, then decrease below zero and increase again to become continuous to the outside pressure.
From the computational results, the contributions of the pressure and the shear stress on the lift and the drag were evaluated. As for lift F L , the contribution of the pressure was almost 100% and that of the shear stress was almost null. Regarding the drag, the contribution of the pressure was around 35% and that of the shear stress was 65%, showing that the shear stress is the primary factor of the drag but that the pressure also makes some contribution.
A previous study estimated the stress for a large deformation of erythrocytes to be around 50 Pa [14] . An averaged pressure on the surface of an erythrocyte caused by a typical normal force component of the centrifugal force of F N ¼ 50 pN is roughly estimated as p ¼ F N /(pD 2 /4) ¼ 0.9 Pa. However, considering that actual pressure resulted from the centrifugal force must be localized in the region close to the plate on the surface of the cell and have a much larger magnitude, the assumption of the present study that the erythrocytes are deformed so as to have a flat bottom surface by the inclined centrifugal force seems appropriate.
Regarding limitations of this study, a possible cause of the discrepancy between the frictional characteristics of the experiments and the present computation is the cell shape. As mentioned above, the present work assumed a simple shape of the deformed cell with a flat bottom surface as the first step. Although there is no direct experimental or analytical evidence to confirm the flat bottom surface of the deformed cell, the present computation showed that a moment causing a counterclockwise rotation applies to a biconcave erythrocyte in case A near the base plate (right-hand figure of Fig. 4(c) ), and therefore, it is possible that the cell bends so as to have a flatter bottom surface. In order to examine the sensitivity of the frictional characteristics to the cell shape, additional computation was performed for various cell shapes which were determined by linear transformation from the biconcave shape in case A corresponding to the transformation parameter e ¼ 0 and the deformed shape with a flat bottom surface in case B corresponding to e ¼ 1. Computational results for parameter e being changed from 0 to 1.1 with an interval of 0.05 revealed that equilibrium states exist for cells with slightly concave, flat, and convex bottom surfaces with parameter e in the range from 0.95 to 1.1 and that the nondimensional frictional characteristics were not very different among them (see Table 5 ).
As the next step in a future study, it will be necessary to evaluate the cell shape more accurately by considering the effect of bending. It is difficult to observe the accurate cell shape with the present experimental apparatus. However, a fluid-structure coupled simulation to calculate the flow and the cell deformation is a possible way to obtain the deformed cell shape accurately.
Electrochemical effects on the surfaces of the erythrocyte and the base plate ignored in the present study should be evaluated for more concrete discussion dealing with the difference of the frictional characteristics for the computation and the experiments. Particularly, elucidation of electrochemical and direct contact effects of the surfaces is essential to deal with the frictional characteristics of erythrocytes on the endothelia-cultured glass plate.
The present rigid cell model does not consider the motion of the surface of an erythrocyte such as tank-treading motion. It is well known that a tank-treading motion sometimes occurs for erythrocytes in a shear flow [15] or for those moving eccentrically in a capillary [16] . The occurrence of tank-treading motion of erythrocytes under inclined centrifugal force has been investigated in a former study [10] . In that study, the top views of moving cells did not show tank-treading motion in the inclined centrifuge microscope in the various conditions treated, but the possibility of such occurrence has not yet been completely ruled out. If we consider a tank-treading motion, the surface of the erythrocyte rotates counterclockwise due to shear stress acting on the flat bottom surface of the cell. It reduces the shear stress on the bottom surface of the cell and the resultant frictional characteristics in Fig. 2 should move downward, and the discrepancy between the computation and the experiment should increase. This result is consistent with our former observation that tank-treading motion did not occur in the inclined centrifuge microscope.
Conclusions
This study dealt with the frictional characteristics of an erythrocyte moving on a flat plate in a medium under the effect of inclined centrifugal force. In the proposed model, the erythrocyte is assumed to have a flat bottom surface and to move on the plate with a small gap and an angle of attack to the plate by the effect of inclined centrifugal force. Steady motion of the cell is realized if an equilibrium state of the force and the moment exists due to the inclined centrifugal force and hydrodynamic flow force. Numerical analysis was performed for a three-dimensional flow around a rigid erythrocyte model of an undeformed biconcave shape and deformed shape with a concave top surface and a flat bottom surface moving on a plate. For a variety of combinations of the concentration of plasma in medium, the velocity of the cell, and the given minimum gap width, computation was performed for various values of the angle of attack. It was found that unique stable equilibrium states exist only for the deformed cell model in all the conditions treated in this paper. In the present model, the equilibrium angle of attack increases as a power function of the minimum gap width. A simple flat plate model was also examined based on the lubrication theory to explain the power function relation of the frictional characteristics, but it cannot explain the equilibrium relation, confirming the computational result that the deformation of the cell is necessary for the equilibrium. The frictional characteristics obtained from the present computation qualitatively agreed with those of former experiments with plain and material-coated glass plates, showing the validity of the present model.
